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Table 1.2 – International classification of epileptic seizures based on 1981 ILAE report (39) 
24;N64Q_/9=4Q_,9=4Q&RO6]P;OR&
• 1:CHPE!H8?D:8P!IE:`O?EI!VA=;IA:=OI;EII!;=D!:CH8:?E<W!Y F:D9!C=D=?!IJCHD=CI!Y F:D9!I=C8D=IE;I=?J!=?!IHEA:8P!IE;I=?J!IJCHD=CI!Y F:D9!8OD=;=C:A!IJCHD=CI!!Y F:D9!HIJA9:A!IJCHD=CI!!
• -=CHPES!VF:D9!:CH8:?CE;D!=B!A=;IA:=OI;EIIW!Y ME>:;;:;>!8I!I:CHPE!H8?D:8P!IE:`O?E!VH?=>?EII:;>!D=!A=CHPES!IE:`O?EW!Y :CH8:?CE;D!=B!A=;IA:=OI;EII!8D!=;IED!8W :CH8:?CE;D!=B!A=;IA:=OI;EII!=;PJ!MW F:D9!8OD=C8D:IC!!
• %8?D:8P!IE:`O?EI!MEA=C:;>!IEA=;<8?:PJ!>E;E?8P:IE<!
$O7O;4Q6RO8&RO6]P;OR&












Table 1.3 – International classification of epilepsy syndromes based on 1989 ILAE report (40) 
,9=4Q6R4N697X;OQ4NO8&`S9=4Q@&Q9=4Qa&OT6QOTR6OR&478&OT6QOTN6=&RU78;9MOR&
• /<:=H8D9:A!VF:D9!8>EY?EP8DE<!=;IEDW!Y ^E;:>;!A9:P<9==<!EH:PEHIJ!F:D9!AE;D?=YDECH=?8P!IH:GEI!Y -9:P<9==<!EH:PEHIJ!F:D9!=AA:H:D8P!H8?=SJICI!Y %?:C8?J!?E8<:;>!EH:PEHIJ!
• 1JCHD=C8D:A!!Y -9?=;:A!H?=>?EII:NE!EH:PEHI:8!H8?D:8P:I!A=;D:;O8!=B!A9:P<9==<!Vb=@EF;:G=FgI!IJ;<?=CEW!Y 1J;<?=CEI!A98?8ADE?:IE<!MJ!IE:`O?EI!F:D9!IHEA:B:A!C=<EI!=B!H?EA:H:D8D:=;!Y (ECH=?8P3!B?=;D8P3!H8?:ED8P!8;<!=AA:H:D8P!P=ME!IE:`O?EI!f!AP8II:B:A8D:=;!M8IE<!=;!IE:`O?E!DJHEI!8;<!=D9E?!AP:;:A8P!BE8DO?EI!8I!FEPP!8I!8;8D=C:A!P=A8P:I8D:=;!8;<!8ED:=P=>J!
• -?JHD=>E;:A!!Y (ECH=?8P3!B?=;D8P3!H8?:ED8P3!8;<!=AA:H:D8P!P=ME!EH:PEHI:EI!f!H?EIOCE<!D=!ME!IJCHD=C8D:A!8;<!8ED:=P=>J!O;G;=F;!
$O7O;4Q6RO8&OT6QOTR6OR&478&RU78;9MOR&
• /<:=H8D9:A!VF:D9!8>EY?EP8DE<!=;IEDW!Y ^E;:>;!;E=;8D8P!B8C:P:8P!A=;NOPI:=;I!Y ^E;:>;!;E=;8D8P!A=;NOPI:=;I!Y ^E;:>;!CJ=AP=;:A!EH:PEHIJ!:;!:;B8;AJ!Y -9:P<9==<!8MIE;AE!EH:PEHIJ!VHJG;=PEHIJWhcONE;:PE!8MIE;AE!EH:PEHIJ!Y cONE;:PE!CJ=AP=;:A!EH:PEHIJ!Y $H:PEHIJ!F:D9!>E;E?8P:IE<!D=;:AYAP=;:A!IE:`O?EI!=;!8F8GE;:;>!Y +D9E?!>E;E?8P:IE<!:<:=H8D9:A!EH:PEHI:EI!;=D!<EB:;E<!8M=NE!Y $H:PEHI:EI!F:D9!IE:`O?EI!H?EA:H:D8DE<!MJ!IHEA:B:A!C=<EI!=B!8AD:N8D:=;!
• -?JHD=>E;:A!=?!IJCHD=C8D:A!Y LEID!IJ;<?=CE!!Y .E;;=SY58ID8OD!IJ;<?=CE!Y $H:PEHIJ!F:D9!CJ=AP=;:AY8ID8D:A!IE:`O?EI!Y $H:PEHIJ!F:D9!CJ=AP=;:A!8MIE;AEI!
• 1JCHD=C8D:A!Y *=;YIHEA:B:A!8ED:=P=>J!Y $8?PJ!CJ=AP=;:A!E;AEH98P=H8D9J!Y $8?PJ!:;B8;D:PE!E;AEH98P=H8D9J!F:D9!IOHH?EII:=;!MO?IDI!Y +D9E?!IJCHD=C8D:A!>E;E?8P:IE<!EH:PEHI:EI!;=D!<EB:;E<!8M=NE!Y $H:PEHI:EI!<OE!D=!IHEA:B:A!;EO?=P=>:A8P!<:IE8IEI!
.T6QOTR6OR&478&RU78;9MOR&P78ONO;M67O8&4R&N9&b5ON5O;&S9=4Q&9;&:O7O;4Q6RO8&&
• L:D9!M=D9!>E;E?8P:IE<!8;<!B=A8P!IE:`O?EI!Y *E=;8D8P!IE:`O?EI!Y 1ENE?E!CJ=AP=;:A!EH:PEHIJ!:;!:;B8;AJ!Y $H:PEHIJ!F:D9!A=;D:;O=OI!IH:GEYF8NEI!<O?:;>!IP=F!F8NE!IPEEH!Y &ARO:?E<!EH:PEHD:A!8H98I:8!V.8;<8OYbPEBB;E?YIJ;<?=CEW!Y +D9E?!O;<EDE?C:;E<!EH:PEHI:EI!;=D!<EB:;E<!8M=NE!
• L:D9=OD!O;ERO:N=A8P!>E;E?8P:IE<!=?!B=A8P!BE8DO?EIK!!&PP!A8IEI!F:D9!>E;E?8P:IE<!D=;:AYAP=;:A!IE:`O?EI!:;!F9:A9!AP:;:A8P!8;<!$$5!B:;<:;>I!<=!;=D!HE?C:D!AP8II:B:A8D:=;!8I!APE8?PJ!>E;E?8P:IE<!=?!P=A8P:I8D:=;!?EP8DE<!K!
'TO=64Q&RU78;9MOR&






Table 1.4 – Classification of seizures based on 2010 recommendations (44) 
$O7O;4Q6RO8&RO6]P;OR&
• (=;:A!fAP=;:A!V:;!8;J!A=CM:;8D:=;W!
• &MIE;AE!Y DJH:A8P!Y 8DJH:A8P!Y 8MIE;AE!F:D9!IHEA:8P!BE8DO?EI!Y CJ=AP=;:A!8MIE;AE!Y EJEP:<!CJ=AP=;:8!









Table 1.5 – Classification of electroclinical syndromes and other epilepsies based on 2010 
recommendations (44) 
.QO=N;9=Q676=4Q&RU78;9MOR&4;;47:O8&cU&4:O&4N&97RON&&
• *E=;8D8P!HE?:=<!Y ^E;:>;!B8C:P:8P!;E=;8D8P!EH:PEHIJ!V^,*$W!!Y $8?PJ!CJ=AP=;:A!E;AEH98P=H8D9J!V$)$W!!Y +9D898?8!IJ;<?=CE!
• /;B8;AJ!Y $H:PEHIJ!=B!:;B8;AJ!F:D9!C:>?8D:;>!B=A8P!IE:`O?EI!!Y LEID!IJ;<?=CE!!Y )J=AP=;:A!EH:PEHIJ!:;!:;B8;AJ!V)$/W!!Y ^E;:>;!:;B8;D:PE!EH:PEHIJ!!Y ^E;:>;!B8C:P:8P!:;B8;D:PE!EH:PEHIJ!!Y #?8NED!IJ;<?=CE!!Y )J=AP=;:A!E;AEH98P=H8D9J!:;!;=;H?=>?EII:NE!<:I=?<E?I!
• -9:P<9==<!!Y ,EM?:PE!IE:`O?EI!HPOI!V,1kW!VA8;!ID8?D!:;!:;B8;AJW!!Y %8;8J:=D=H=OP=I!IJ;<?=CE!!Y $H:PEHIJ!F:D9!CJ=AP=;:A!8D=;:A!VH?EN:=OIPJ!8ID8D:AW!IE:`O?EI!!Y ^E;:>;!EH:PEHIJ!F:D9!AE;D?=DECH=?8P!IH:GEI!V^$-(1W!!Y &OD=I=C8PY<=C:;8;D!;=ADO?;8P!B?=;D8P!P=ME!EH:PEHIJ!V&#*,.$W!!Y .8DE!=;IED!A9:P<9==<!=AA:H:D8P!EH:PEHIJ!V58ID8OD!DJHEW!!Y $H:PEHIJ!F:D9!CJ=AP=;:A!8MIE;AEI!!Y .E;;=SY58ID8OD!IJ;<?=CE!!Y $H:PEHD:A!E;AEH98P=H8D9J!F:D9!A=;D:;O=OI!IH:GEY8;<YF8NE!<O?:;>!IPEEH!V-1L1W!.8;<8OYbPEBB;E?!IJ;<?=CE!V.b1W!-9:P<9==<!8MIE;AE!EH:PEHIJ!V-&$W!
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Figure 1.2a  – Input and output connections of the hippocampal formation (adapted from reference 
(51) EC = entorhinal cortex, S = subiculum, D = dentate gyrus, HC = hippocampus, PRC = 










Figure 1.3 - Histopathological findings in a patient with normal hippocampus (left) and a patient 






















































































































































































































































































































































































































































Table 1.8 – Factors influencing neuropsychological function in epilepsy –adapted from ref (115) 











Table 1.9 – Classification of psychiatric symptoms in respect of temporal relationship to seizures 

























































Table 1.11- Classification of seizure outcome following surgery adapted from reference (227) 













































         
imaging system (Fig 3). A typical clinical MR sys-
tem will have a magnetic field strength of 1.5 T
(tesla) (1 T! 10,000 gauss). The wires are im-
mersed in liquid helium (at superconducting tem-
peratures) so that very large currents can be used
to produce the strong magnetic field. The magnet
can be “ramped” with a power supply (to inject
electric current into the coils of wire), and the
power supply can then be removed. The imaging
system can retain this electric current for many
years (with no need to inject additional electric
current) with only minimal loss in electric current
and minimal decrease in magnetic field strength.
The liquid helium levels in the magnet will need
to be filled at regular intervals (once per month to
once every few years, depending on the magnet
design).
Putting these basic elements together, there are
protons in the body, positively charged and spin-
ning about their axes, that act like tiny magnets.
They are randomly oriented so that their mag-
netic fields do not sum but rather cancel out (Fig
4). When we place these protons in a strong mag-
netic field (called B0), some will tend to align in
the direction of the magnetic field and some will
tend to align in a direction opposite to the mag-
netic field. The magnetic fields from many pro-
tons will cancel out, but a slight excess of the pro-
tons will be aligned with the main magnetic field,
producing a “net magnetization” that is aligned
parallel to the main magnetic field. This net mag-
netization becomes the source of our MR signal
and is used to produce MR images.
Coordinate System
Because we have just introduced a reference to a
direction, it is important to discuss the coordinate
system, which will orient us for future discussion.
The direction parallel to the main magnetic field
is the longitudinal direction, which may also be
called the z direction (Fig 5). For typical 1.5-T
Figure 3. Main magnetic field. A large electric cur-
rent in loops of wire at superconducting temperatures
will produce a very large magnetic field. N! north,
S! south.
Figure 4. Alignment of protons with the B0 field.
With no external magnetic field, hydrogen protons (")
are oriented randomly. When the protons are placed in
a strong magnetic field (B0), a net magnetization will
be produced parallel to the main magnetic field.
Figure 5. Coordinate system. For a typical 1.5-T
cylindrical-bore imaging unit, the z axis (longitudinal
direction) is often aligned with the main magnetic field;
the plane perpendicular to this is called the transverse
plane.
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Figure 1.5 - Precession and coordinate systems (adapted from (272)) a: Precession of the spinning 




Absorption of RF Energy
Recall that when protons in our body are placed
in the vicinity of a strong magnetic field, the mag-
netic fields from these protons combine to form a
net magnetization. This net magnetization points
in a direction parallel to the main magnetic field
(also called the longitudinal direction). As energy
is absorbed from the RF pulse, the net magnetiza-
tion rotates away from the longitudinal direction
(Fig 8). The amount of rotation (termed the flip
angle) depends on the strength and duration of
the RF pulse.
If the RF pulse rotates the net magnetization
into the transverse plane, that is termed a 90° RF
pulse. If the RF pulse rotates the net magnetiza-
tion 180° into the!z direction, that is termed a
180° RF pulse. The strength and/or duration of
the RF pulse can be controlled to rotate the net
magnetization to any angle. We will see that 90°
and 180° RF pulses are important when discuss-
ing the spin echo (SE) and that smaller flip angles
are important when discussing fast imaging tech-
niques as in gradient-recalled-echo (GRE) imag-
ing.
T1 Relaxation and Contrast
We may now apply the fundamental concepts
presented earlier to more complicated MR situa-
tions. Net magnetization that is aligned with the
longitudinal direction may be called longitudinal
magnetization. After a 90° RF pulse rotates the
longitudinal magnetization into the transverse
plane, this magnetization may be called transverse
magnetization. After a 90° RF pulse, the longitu-
dinal magnetization is zero. The magnetization
then begins to grow back in the longitudinal di-
rection (Fig 9). This is called longitudinal relax-
ation or T1 relaxation. The rate at which this lon-
gitudinal magnetization grows back is different for
protons associated with different tissues and is the
fundamental source of contrast in T1-weighted
images. T1 is a parameter that is characteristic of
specific tissue (and also depends on the main
magnetic field strength) and is related to the rate
of regrowth of longitudinal magnetization.
The net magnetization does not rotate back up
but rather increases in a direction always parallel
to the longitudinal direction, which is the direc-
tion of the main magnetic field. We can plot an
example of this effect (Fig 9). The definition of
T1 is the time that it takes for the longitudinal
magnetization to reach 63% of its final value, as-
suming a 90° RF pulse (Fig 10). The magnetiza-
tion of tissues with different values of T1 will
grow back in the longitudinal direction at differ-
ent rates.
Figure 8. Absorption of RF energy. Left: Prior to an
RF pulse, the net magnetization (small black arrow) is
aligned parallel to the main magnetic field and the z
axis. Center and right: An RF pulse at the Larmor fre-
quency will allow energy to be absorbed by the protons,
thus causing the net magnetization to rotate away from
the z axis.
Figure 9. Longitudinal (T1) relaxation. Application
of a 90° RF pulse causes longitudinal magnetization to
become zero. Over time, the longitudinal magnetiza-
tion will grow back in a direction parallel to the main
magnetic field.
Figure 10. Definition of T1. T1 is a
characteristic of tissue and is defined as
the time that it takes the longitudinal
magnetization to grow back to 63% of
its final value.












Dephasing due to one of these effects (mag-
netic field inhomogeneities) will be discussed.
Recall that the Larmor equation allows us to de-
termine the precessional frequency of a proton as
the product of the gyr magnetic ratio and main
magnetic field strength. T e gyromagnetic ratio is
a constant; however, owing to hardware limita-
tions, the main magnetic field is not perfectly ho-
mogeneous across the imagi g volume. Thus,
rotons that experience slightly different mag-
netic field strengths will precess at slig tly differ-
ent Larmor freque cies. Protons that were in
phase immediately after the 90° RF p lse, be-
cause they are precessing at slightly different fre-
que cies, will begin to dephase.
Dephasing ormally occurs due to all four ef-
fects, and in this case, the dephasing may be
called T2* (T2 star) decay or T2* relaxation. The
dephasing due to three of t e effects can be re-
versed thro gh a special “trick” discussed later.
In this case, when dephasing is due only to the
effect called spin-spin interactio s, the dephasing
may be called T2 decay or T2 relaxation. T2 is a
parameter that is characteristic of specific tissue
and characterizes the rate of dephasing for the
protons associated with that tissue.
We can measure the amount of transverse
magnetization with a receiver coil. Recall that an
electric current in a wire will produce a magnetic
field perpendicular to the loop of wire. Measure-
ment of the transverse magnetization (which is
our “MR signal”) occurs through an opposite ef-
fect. In this case, the transverse magnetization,
which is a magnetic field, can induce a current in
a loop of wire (Fig 13). This induced electric cur-
rent is then digitized and recorded in the com-
puter of the MR system for later reconstruction as
an MR image.
When the transverse magnetization is com-
pletely in phase, our measured MR signal is at a
maximum. When the transverse magnetization
begins to dephase, our measured MR signal be-
gins to decrease until the magnetization is com-
pletely dephased, at which time the measured MR
signal is zero (Fig 12).
The definition of T2 is the time that it takes for
the transverse magnetization to decay to 37% of
its original value (Fig 14). Different tissues have
different values of T2 and dephase at different
rates. White matter has a short T2 and dephases
rapidly. CSF has a long T2 and dephases slowly.
Figure 13. Measurement of the
MR signal. A magnetic field
(black arrow) that is near and
perpendicular to a loop of wire
will produce an electric current in
the loop. The current can be digi-
tized and stored for later recon-
struction into an MR image.
Figure 14. Definition of T2. T2 is a
characteristic of tissue and is defined as
the time that it takes the transverse
magnetization to decrease to 37% of its
starting value.
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Figure 1.6 - The absorption of RF energy, effect on NMV and measurement of signal (adapted from 
(273)).  a: Prior to an RF pulse, the NMV (small black arrow) is aligned parallel to the main 
magnetic field.  After a RF pulse at the Larmor frequency, the protons absorb energy, and this 
causes the NMV to rotate away from the z-axis.  b: The rotating magnetic field that has an NMV 
perpendicular to a loop of wire or receiver coil will induce a voltage in the coil. !
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Absorption of RF Energy
Recall that when protons in our body are placed
in the vicinity of a strong magnetic field, the mag-
netic fields from these protons combine to form a
net magnetization. This net magnetization points
in a direction parallel to the main magnetic field
(also called the longitudinal direction). As energy
is absorbed from the RF pulse, the net magnetiza-
tion rotates away from the longitudinal direction
(Fig 8). The amount of rotation (termed the flip
angle) depends on the strength and duration of
the RF pulse.
If the RF pulse rotates the net magnetization
into the transverse plane, that is termed a 90° RF
pulse. If the RF pulse rotates the net magnetiza-
tion 180° into the!z direction, that is termed a
180° RF pulse. The strength and/or duration of
the RF pulse can be controlled to rotate the net
magnetization to any angle. We will see that 90°
and 180° RF pulses are important when discuss-
ing the spin echo (SE) and that smaller flip angles
are important when discussing fast imaging tech-
niques as in gradient-recalled-echo (GRE) imag-
ing.
T1 Relaxation and Contrast
We may now apply the fundamental concepts
presented earlier to more complicated MR situa-
tions. Net magnetization that is aligned with the
longitudinal direction may be called longitudinal
magnetization. After a 90° RF pulse rotates the
longitudinal magnetization into the transverse
plane, this magnetization may be called transverse
magnetization. After a 90° RF pulse, the longitu-
dinal magnetization is zero. The magnetization
then begins to grow back in the longitudinal di-
rection (Fig 9). This is called longitudinal relax-
ation or T1 relaxation. The rate at which this lon-
gitudinal magnetization grows back is different for
protons associated with different tissues and is the
fundamental source of contrast in T1-weighted
images. T1 is a parameter that is characteristic of
specific tissue (and also depends on the main
magnetic field strength) and is related to the rate
of regrowth of longitudinal magnetization.
The net magnetization does not rotate back up
but rather increases in a direction always parallel
to the longitudinal direction, which is the direc-
tion of the main magnetic field. We can plot an
example of this effect (Fig 9). The definition of
T1 is the time that it takes for the longitudinal
magnetization to reach 63% of its final value, as-
suming a 90° RF pulse (Fig 10). The magnetiza-
tion of tissues with different values of T1 will
grow back in the longitudinal direction at differ-
ent rates.
Figure . Absorption of RF energy. Left: Prior to an
RF pulse, the net magnetization (small black arrow) is
aligned parallel to the main magnetic field and the z
axis. Center and right: An RF pulse at the Larmor fre-
quency will allow energy to be absorbed by the protons,
thus causing the net magnetization to rotate away from
the z axis.
Figure 9. Longitudinal (T1) relaxation. Application
of a 90° RF pulse causes longitudinal magnetization to
become zero. Over time, the longitudinal magnetiza-
tion will grow back in a direction parallel to the main
magnetic field.
Figure 10. Definition of T1. T1 is a
characteristic of tissue and is defined as
the time that it takes the longitudinal
magnetization to grow back to 63% of
its final value.












White matter has a very short T1 time and re-
laxes rapidly. Cerebrospinal fluid (CSF) has a
long T1 and relaxes slowly. Gray matter has an
intermediate T1 and relaxes at an intermediate
rate (Fig 11). If we were to create an image at a
time when these curves were widely separated, we
would produce an image that has high contrast
between these tissues. Thus, white matter con-
tributes to the lighter pixels, CSF contributes to
the darker pixels, and gray matter contributes to
pixels with intermediate shades of gray. This type
of contrast mechanism is termed T1-weighted con-
trast. If we were to create an image at a time when
the curves were not widely separated, the image
would not have much T1-weighted contrast.
T2 Relaxation and Contrast
The description of T2 (or transverse) relaxation
begins with the net magnetization aligned with
the z direction and a 90° RF pulse that rotates
this net magnetization into the transverse plane
(Fig 12). Recall that the net magnetization is made
up of contributions frommany protons, which are
all precessing. During the RF pulse, the protons
begin to precess together (they become “in phase”).
Immediately after the 90° RF pulse, the protons are
still in phase but begin to dephase due to several
effects. These effects are listed in the Table.










Figure 11. T1-weighted contrast. Dif-
ferent tissues have different rates of T1
relaxation. If an image is obtained at a time
when the relaxation curves are widely
separated, T1-weighted contrast will be
maximized.Mag!magnetization.
Figure 12. Transverse (T2*) relaxation. Immediately
after application of a 90° RF pulse, transverse magneti-
zation is maximized; it then begi s to ephase due t
several processes (Table). The s g als f om thes
dephasing protons begin to cancel out, and the MR
signal decreases.
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Figure 1.7 - T1 rel xation and T2 decay – ad pt d from (273).  a: T1 relaxation - application of a 
90° RF pulse causes longitudinal NMV to become 0, but with time the longitudinal NMV grows 
back in a direction parallel to the main magnetic field.  b: T2 decay – fter the application of a 90° 
RF pulse the transverse NMV is maximised.  This then decay  for reasons describ d abov  causing 






































































values for T2 weighting are TE! 80 msec and
TR! 2,000 msec. Comparing this figure to Fig-
ure 17, we see that the 90° RF pulse produces an
initial signal (free induction decay), which is not
used. The 180° RF pulse occurs at half the TE
time, and the echo is centered at TE. The ADC
(analog-to-digital converter) line indicates that
the echo is digitized and stored in the computer as
raw data.
Multiecho Spin Echo
The multiecho spin-echo pulse sequence uses
multiple 180° RF pulses to generate multiple ech-
oes (Fig 22). Each echo occurs at a different TE
and is used to form a separate image data set,
which will have different contrast weighting rang-
ing from proton density to T2. The differences
between this pulse sequence and the basic spin-
echo pulse sequence are highlighted in Figure 22.
Typical TR may be 2,000 msec, with TE1! 20
msec and TE2! 80 msec, resulting in proton
density– and T2-weighted image data sets, re-
spectively.
Turbo Spin Echo
The turbo spin-echo (or fast spin-echo) pulse se-
quence is shown in Figure 23. Note the differ-
ences here compared to the basic spin-echo pulse
sequence. Again, multiple 180° pulses are used to
create multiple echoes. However, instead of each
echo forming a different image data set, all the
echoes are used to create a single image data set
at a faster rate. A new acquisition parameter will
be introduced called the echo train length, which
is the number of echoes that are formed.
Recall that the echo is digitized and the data
from this echo are used for one row of raw data.
Recall also that the pulse sequence must be re-
peated as many times as is needed to acquire all
the rows of raw data. In the turbo spin-echo se-
quence, if four echoes are produced (each time
through the pulse sequence), the digitized data
from these four echoes can be used for four differ-
ent rows of raw data. If 256 rows of raw data are
needed, and four rows of raw data are acquired
each time through the pulse sequence, then the
sequence must be repeated only 64 times rather
than 256 times. With TR the same as in a spin-
echo sequence, this would result in a factor of
four speed increase in data acquisition. Likewise,
an echo train length of eight or 16 will decrease
imaging time by a factor of eight or 16, respec-
tively.
The turbo spin-echo pulse sequence can be
used to produce T1 and T2 contrast weighting.
Each echo will still occur at a different TE and
thus will really have a different contrast weighting
associated with it. However, there is a way that we
can use the echoes closest to our TE of interest to
form the contrast weighting that we desire. This
will become more clear when we understand how
the raw data are acquired and used to form an
image (explained in a later article).
Figure 22. Multiecho spin-echo pulse sequence.
This sequence uses a 90° RF pulse with multiple 180°
RF pulses to form multiple echoes. Each echo can be
used to create a separate image data set with different
contrast weighting. The gray highlighting shows the
differences between this pulse sequence and the basic
spin-echo sequence.
Figure 23. Turbo spin-echo pulse sequence. This
sequence uses a 90° RF pulse with multiple 180° RF
pulses. Multiple echoes are formed, and the data are
used to create a single data set. Multiple rows of raw
data are filled during one TR period; this feature allows
the pulse sequence to be run fewer times, thus saving
imaging time.









Figure 1.8 - A multi spin echo sequence (273).  T e gray shading highlights the difference between a 




The inversion-recovery pulse sequence (Fig 24) is
useful for suppressing unwanted signals in MR
images (eg, signals from fat or fluid). Contrast
weighting can still be controlled through selection
of TR and TE, as described earlier.
The difference between this and the spin-echo
pulse sequence is the occurrence of the 180° RF
pulse prior to the regular spin-echo pulse se-
quence. The 180° RF pulse causes an initial in-
version of the longitudinal magnetization (so that
it is aligned in the!z direction), as shown in Fig-
ure 25. The magnetization then begins to grow
back in the direction of the main magnetic field
("z). The magnetization of different tissues will
grow back at different rates. When the signal from
the tissue to be suppressed crosses the zero axis,
application of a 90° RF pulse will rotate all other
signals into the transverse plane. Since the signal
from the tissue at the zero point is zero, there is
nothing to rotate into the transverse plane. Thus,
this tissue will not contribute any brightness to
the resulting image. The acquisition parameter TI (time of inver-
sion) is the time between the initial 180° RF pulse
and the 90° RF pulse. Fat relaxes relatively
quickly, and a short TI of approximately 170
Figure 24. Inversion-recovery pulse sequence. This
sequence is similar to the basic spin-echo sequence
with the addition of an initial 180° inversion pulse.
This sequence can be used to suppress the appearance
of unwanted signals (eg, those due to fat or fluid). TI#
inversion time.
Figure 25. Inversion of the signal in the inver-
sion-recovery sequence. After initial inversion of
the longitudinal magnetization, T1 relaxation
occurs and the signals from different tissues cross
the zero axis at different times. When the signal
to be suppressed crosses the zero axis, a 90° RF
pulse will rotate all other signals into the trans-
verse plane for image formation. TI# inversion
time.
Figure 26. Gradient-recalled-echo pulse sequence.
This sequence is similar to the spin-echo sequence ex-
cept that the initial RF pulse is less than 90° and there
is no 180° RF pulse. Signal dephasing and rephasing by
means of gradient pulses results in formation of a gradi-
ent echo, which is used to produce T1- or T2*-
weighted images.










Figure 1.9 – A gradient echo sequence – The differences from a spin echo sequence include the fact 
that the initial RF pulse is less than 90°, and there is no 180° RF pulse.  Signal dephasing and 







In one of these variants, asymmetric echo-planar
imaging, data are collected only during the posi-
tive frequency-encoding gradient lobe. The nega-
tive frequency-encoding gradient lobe is used to
just traverse back to the other side of k space (9).
This type of data collection strategy is also used in
flow-compensated echo-planar imaging.
Special Hardware Requirements
For SE imaging, a conventional MR imaging sys-
tem is usually equipped with gradient coils ca-
pable of a maximum amplitude of approximately
10 mT/m, a minimum rise time of 0.6 msec, a
slew rate (amplitude/rise time) of 17 T/m per sec-
ond, and a duty cycle of 8% (percentage of time
the gradients are on during a hypothetical TR).
However, in echo-planar imaging, the require-
ments for gradient strength, rise time, and duty
cycle are markedly increased because all of k
space can be traversed in a single RF excitation by
using a rapidly oscillating frequency-encoding
gradient. Echo-planar imaging is accomplished by
using gradient coils capable of a maximum ampli-
tude of 20 mT/m, a minimum rise time of 0.1
msec, a slew rate of 200 T/m per second, and a
duty cycle of 50%–60%. This remarkable techni-
cal achievement was enabled by the marriage of
resonant (rapidly switching) gradient technology
to power supplies that are capable of catching a
resonant mode at maximum amplitude and hold-
ing it there for a short time (10). However, the
first generation of echo-planar imaging hardware
(resonant systems) had some limitations, result-
ing in little effect on routine clinical imaging.
With development of the second generation of
echo-planar imaging hardware (nonresonant sys-
tems), there was extension of echo-planar imag-
ing applications further into mainstream clinical
MR imaging (11).
Characteristics
Echo-planar imaging can be performed by using
single or multiple excitation pulses (“shots”). The
number of shots represents the number of TR
periods required to complete the image acquisi-
tion. The number of shots is equal to the total
number of phase-encoding steps divided by the
echo train length. For example, if the number of
phase-encoding steps is 256 and the echo train
length is eight, then the number of shots equals
256/8 or 32. In single-shot (snapshot) echo-pla-
nar imaging, all of the k-space data are acquired
with only one shot. However, the image acquisi-
tion matrix is typically no larger than 128 ! 128.
To achieve higher resolution and reduce the im-
age distortion and signal loss due to susceptibility
differences, T2 relaxation, and main field inho-
mogeneities, multishot echo-planar imaging can
be performed (12). In multishot echo-planar im-
aging, only a portion of the k-space data is ac-
quired with each shot, and the shots are repeated
until a full set of data is collected. It is the lack of
RF refocusing pulses that is responsible for the
unique qualities of echo-planar imaging, which
Figure 3. Echo-planar imaging. Within each TR period, multiple lines of imaging data are
collected. Gx" frequency-encoding gradient, Gy" phase-encoding gradient, Gz" section-
selection gradient.
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Figure 1.10 – An echo-planar imaging sequence (275).  Within each TR period, multiple lines of 
imaging data are collected. Gx = frequency-encoding gradient, Gy = phase-encoding gradient, Gz = 











I. INTRODUCTION TO DIFFUSION MRI
1. INTRODUCTION TO DIFFUSION MR6
The sensitivity of the spin-echo MR signal on 
molecular diffusion was recognized by Hahn. He 
reported a reduction of signal of the spin echo and 
explained it in terms of the dephasing of spins caused 
by translational diffusion within an inhomogeneous 
magnetic field (Hahn, 1950). While he proposed that 
one could measure the diffusion coefficient of a solu-
tion containing spin-labeled molecules, he did not 
propose a direct method for doing so.
A few years later, Carr and Purcell (1954) proposed 
a complete mathematical and physical framework for 
such a measurement using Hahn’s NMR spin-echo 
sequence. They realized that the echo magnitude 
could be sensitized solely to the effects of random 
molecular spreading caused by diffusion in a way 
that permits a direct measurement. The idea they 
employed is not very different from what is utilized in 
most current studies of diffusion-weighted imaging. 
Because a spin’s precession frequency is determined 
by the local magnetic field as implied by equation 
(1.3), if a “magnetic field gradient” is applied, spins 
that are at different locations experience different 
magnetic fields – hence they precess at different angu-
lar frequencies. After a certain time, the spins acquire 
different phase shifts depending on their location. 
Stronger gradients will lead to sharper phase changes 
 across the specimen, yielding a higher sensitivity 
on diffusion. In most current clinical applications, a 
quantity called the “b-value”, which is proportional to 
the square of the gradient strength, is used to charac-
terize the level of the induced sensitivity on diffusion.
In the scheme considered by Carr and Purcell, a 
constant magnetic field gradient is applied through-
out the entire Hahn spin-echo experiment as shown 
in Figure 1.5. Such an acquisition can be performed 
either in a spatially linear main field, or using another 
coil that is capable of creating a linear magnetic field 
on top of the homogeneous field of the scanner (B0). 
In their description, at a particular time t, a particle 
situated at position x experiences a magnetic field of 
B0  G x(t). If the particle is assumed to spend a short 
time, U, at this point before moving to another loca-
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as a result of the Larmor precession at the field modi-
fied by the constant gradient. Here, the minus sign 
is necessary for protons whose precession is in the 
clockwise direction on the plane perpendicular to the 
main magnetic field. Therefore, the net phase shift 
that influences the MR signal at t  2U is related to 
the motional history of the particles in the ensemble. 
By exploiting this phenomenon Carr and Purcell pro-
posed MR sequences to sensitize the MR spin echo 
to the effects of diffusion, and developed a rigorous 
mathematical framework to measure the diffusion 
coefficient from such sequences. This elevated NMR 
as a “gold standard” for measuring molecular diffu-
sion. An alternative mathematical formulation of the 
problem was introduced by Torrey (1956) who gener-
alized the phenomenological Bloch equations (Bloch, 
1946) to include the effects of diffusion.
After about a decade, Stejskal and Tanner (1965) 
introduced many innovations that made modern dif-
fusion measurements by NMR and MRI possible. 
First, they introduced the pulsed gradient spin-echo 
(PGSE) sequence, which replaced Carr and Purcell’s 
constant magnetic field with short duration gradi-
ent pulses as illustrated in Figure 1.6. This allowed 
a clear distinction between the encoding time (pulse 
duration, E) and the diffusion time (separation of the 
two pulses, %). A particularly interesting case of this 









FIGURE 1.6 A schematic of the pulsed field gradient spin-echo MR 
technique introduced by Stejskal and Tanner. The time between the 
application of the two gradient pulses, %, may be anywhere between 
10 ms and a few hundreds of milliseconds. The gradient pulse dura-
tion, E, can vary between a few milliseconds to %, where when E  %, 






FIGURE 1.5 A schematic of the spin-echo experiment in the 
presence of a constant field gradient discussed by Carr and Purcell. 
Diffusion taking place in the resulting inhomogeneous field gives 
rise to a decreased MR signal intensity.
!
Figure 1.11 - A schematic of the pulsed field gradient spin echo MR technique.  ! = separation 











I. INTRODUCTION TO DIFFUSION MRI
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three images, we are able to infer an ordered structure 
that has predominantly a left–right orientation. These 
inferences are entirely consistent with the fibers of the 
corpus callosum, which passes through this region.
As these observations were initially made within 
white matter of the mature adult brain, it was under-
standably first concluded that diffusion anisotropy is 
the result of myelin, acting as a hydrophobic barrier 
to diffusion (Thomsen et al., 1987). However, as will be 
described in Chapter 6, things are not so straightfor-
ward and in fact anisotropy can be observed when mye-
lin is absent (Wimberger et al., 1995; Beaulieu, 2002).
C. The Diffusion Tensor Model
1. Properties of a Diffusion Tensor
When there is ordered tissue in our imaged volume, 
we can no longer characterize the behavior of the water 
molecules adequately with a single apparent diffusion 
coefficient. The ADC we measure will depend on the 
direction in which we measure it. The more ordered 
the tissue is within the sample, the more the ADC will 
depend on the measurement direction. Therefore, we 
have to look to a more complex model to characterize 
diffusion. The next most complex model to character-
ize Gaussian diffusion in which the displacements per 
unit time are not the same in all directions is the diffu-
sion tensor. This is a 3    3 symmetric matrix of num-

















The diagonal elements of this matrix correspond to 
diffusivities along three orthogonal axes (i.e. the three 
logical axes of the scanner measurement frame), while 
the off-diagonal elements correspond to the correla-
tion between displacements along those orthogonal 
axes. As such, and thinking back to Einstein’s equa-
tion in equation (3.1), the diffusion tensor matrix can be 
viewed as the three-dimensional covariance matrix of 
displacements in a given time. It is important to realize 
therefore that, for example, Dxy is not the apparent dif-
fusion coefficient measured with a diffusion-encoding 
gradient applied along the x–y-axis. (See Figure 3.4  
for a graphical explanation.) The off-diagonal elements 
reflect the correlation (covariance) between molecu-
lar displacements in orthogonal directions, hence 
Dxy correlates displacements along the x- and y-axes. 
Imagine an anisotropic medium oriented such that 
the axis of greatest diffusivity is at 45 degrees to both 








FIGURE 3.4 The difference between Dxy, the off-diagonal ele-
ment of the diffusion tensor and the ADCxy, the ADC in the xy 
direction. In (a), the anisotropic medium is oriented at 45 degrees 
to both the x- and y-axes. The diffusivity in the x direction is equal 
to the diffusivity in the y direction, and displacements along the 
two axes are perfectly correlated (reflected by Dxy taking its maxi-
mal value). In (b), with the anisotropic medium aligned with the 
y-axis, displacements along the x- and y-axes are no longer corre-
lated and Dxy equals zero. However, the ADC in the direction [x,y] 
is not zero. Further, while Dxy can take negative values, the ADC in 
the direction [x,y] can, by definition, never take negative values. In 
(c), the variation of both Dxy and ADCxy is plotted as a function of 
the orientation of the principal axes of the anisotropic medium with 
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be matched in amplitude to the diffusivity along the 
y-axis. Furthermore, displacements along the x-axis 
will be perfectly correlated with displacements along 
the y-axis, since a displacement along xy implies the 
same displacement along x as along y. The fact that 
these displacements are correlated will be reflected by 
a non-zero value of the off-diagonal element of the dif-
fusion tensor, Dxy. Imagine now that the anisotropic 
media is slowly rotated so that the axis of greatest dif-
fusivity becomes increasingly aligned with the y-axis. 
Displacements along the x- and y-axis will become 
increasingly less correlated, which will be reflected by 
!
Figure 1.12 - The diffusion tensor matrix  
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an increasingly smaller value of Dxy. At the point that 
the axis of greatest diffusivity becomes perfectly aligned 
with the y-axis (and therefore diffusion along the x-axis 
is no longer correlated with diffusion along the y-axis), 
the off-diagonal element Dxy, will become zero. Note 
that although Dxy is zero, the diffusivity in the x–y 
direction ADCxy, can never be zero. Furthermore, there 
can be negative correlations between displacements in 
two orthogonal directions, so off-diagonal elements can 
take negative values, in contrast to ADCs which can 
never be negative.
2. The Diffusion Tensor Ellipsoid
For those less mathematically inclined, the tensor 
can be thought of in another way. Consider what would 
happen if we place a drop of ink at the center of our 
cube of water. Over time, as the ink particles displace, 
the outer profile of the displacements would resemble 
a sphere, since diffusion in isotropic media is isotropic. 
However, in an anisotropic medium, the ink particles 
would diffuse further along the principal axis of the ani-
sotropic medium than in a perpendicular orientation. 
The displacement profile can no longer be described by 
a sphere and is more correctly described by an ellipsoid 
with the long axis parallel to the long axis of the aniso-
tropic medium (see Figure 3.5).
The diffusion tensor is often thought of in terms of 
this ellipsoid – a surface representing the distance that 
a molecule will diffuse to with equal probability from 
the origin. The diffusion tensor formalism provides an 
“internal reference frame”, namely, the eigensystem. 
The principal axes of the ellipsoid are given by the 
eigenvectors, and the lengths are given by the diffu-
sion distance in a given time, t. Equation (3.1) shows 
that the displacement in a given time is proportional 
to the square root of the diffusivity. Hence, the ellip-
soid axes are scaled according to the square root of the 
eigenvalues. Some examples of different tensors and 
the corresponding ellipsoids are given in Figure 3.6.
3. The Eigensystem
When all three off-diagonal elements are zero, 
this means that the tensor is aligned with the princi-
pal axes of the measurement frame since there is no 
correlation between displacements in orthogonal 
directions. In this condition, we say that the tensor is 
diagonalized and its diagonal elements correspond 
to its eigenvalues. The three eigenvalues (denoted as 
M1, M2, and M3) correspond to the three diffusivities 
along the principal axes of the diffusion tensor. The 
orientation of the principal axes is given by the three 
eigenvectors (denoted by d1, d2, and d3), which, by 






FIGURE 3.5 Schematic of the diffusion tensor ellipsoid. The ellip-
soid is the envelope where a spin – placed at its center – will diffuse 
with equal probability. The axes are scaled according to the square 
root of the eigenvalues M1, M2, and M3, and the principal axes are given 
by the corresponding eigenvectors, Fˆ1,Fˆ2, and Fˆ3. The eigenvalues 








































FIGURE 3.6 Diffusion tensor matrices and the corresponding 
ellipsoids. The tensors in (a) and (b) are both isotropic, with three 
equal values in the tensor matrix, but the trace in (a) is twice that 
of (b). The trace of tensors (b) through (f) are uniform (equal to 12 
arbitrary units). Tensors (c) through (e) are aligned with the labora-
tory frame of reference, and hence all off-diagonal elements are zero. 
Tensor (f) has been rotated about the z-axis by an angle of 60 degrees. 
Note that Dzz is unchanged, and Dxz and Dyz remain at zero. Dxy is no 
longer zero, reflecting a correlation in displacements along the x- and 
y-axes. The eigenvalues of tensors (e) and (f) are identical.
definition, are mutually orthogonal. The orientation 
of the tensor is taken to be parallel to the principal 
eigenvector, d1, which is the eigenvector associated 
with the largest eigenvalue. The principal eigenvector 
!
Figure 1.13 – Schematic of the diffusion tensor ellipsoid
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diffusion. Anisotropic diffusion means that the
water molecules are moving in a specific direction
at a specific rate, whereas isotropic diffusion
means that the molecules move at equal rates in
all directions. This tensor is able to fully describe
the molecular mobility along each direction and
the correlation between these directions.18 To
achieve this directional information, additional
diffusion-weighted images along several gradient
directions, using diffusion-sensitized MR imaging
pulse sequences, have to be collected. After the
postprocessing of the raw diffusion-weighted
images, the fractional anisotropy (FA) maps,
mean diffusivity (MD), eigenvectors, radial diffu-
sivity, and so forth are calculated, derived from
the diffusion tensor.
Physical Basics and Definitions
DWI and DTI use the mathematical model of free
diffusion, which is described in physics by the
“first Fick’s law of diffusion.” It can be written as:
J 5 ! DVc (5)
where J is the flux density, Vc the concentration
gradient, and D the diffusion coefficient.
When diffusion occurs in the imaged volume,
there will be attenuation, A, on the MR signal,
which depends on D and on the “b-factor,” which
characterizes the gradient pulses used in the MR
imaging sequence:
A5 expð!bDÞ (6)
In anisotropic media, the diffusion coefficient
depends on the direction of diffusion. Leaving
DWI and going to DTI, the diffusion coefficient D
has to be substituted through a diffusion tensor
D (a 3 $ 3 matrix).
D 5
0@Dxx Dxy DxzDyx Dyy Dyz
Dzx Dzy Dzz
1A (7)
To determine the diffusion tensor one must, as
mentioned before, acquire diffusion-weighted
images in several gradient directions. In a next
step, it is necessary to estimate the entries of the
matrix D from the set of diffusion-weighted
images. As the tensor is symmetric, only 6 different
gradient directions are necessary together
with one acquisition with no diffusion weighting
(b 5 0) resulting in a total of 7 acquisition. Using
more diffusion directions, it is not necessary, but
of advantage, to cover the space more uniformly
along many directions, especially for fiber orienta-
tion mapping.
Eigenvectors and eigenvalues, mean diffusivity,
fractional anisotropy, radial diffusivity, and
axial diffusivity
The entries of the tensor reflect average diffusion
and degree of anisotropy in each voxel. It is impor-
tant todetermine themaindirectionsof diffusivities,
called eigenvectors, in each voxel, and thediffusion
values, called eigenvalues, associated with these
directions. The eigenvalues represent the diffusion
coefficients in the main directions of diffusivities of
the medium (Fig. 29). Most common parameters,
such as MD, FA, radial diffusivity, and axial diffu-
sivity can be derived from them.
The MD gives an overall measure of the diffusion
in a voxel or region. It can be calculated from the










In the literature, the eigenvalues Dxx,Dyy, andDzz
are often called l1, l2, and l3.
The FA is a measure of the degree of the diffu-
sion anisotropy. The FA values range from 1
(anisotropic diffusion 5 “directed”) to 0 (isotropic
diffusion 5 “not directed”).





















The diffusivity along the main axis, Dxx , is also
called axial diffusivity (or parallel diffusivity).
The average diffusivity ðDyy1DzzÞ=2 of the 2
minor axes is called radial diffusivity.
Visualization of the Tensor Model: the
Ellipsoid Model
As the tensor data cannot be simply displayed in
one image through gray-scale information or color
coding, the diffusion ellipsoid approach has been
presented.19 The ellipsoid is a tridimensional
representation of the diffusion distance in space,
which the water molecules can reach. In the ellip-
soid the x, y, and z axes represent the main diffu-
sion direction in the voxel, corresponding to the
direction of the fibers. The eccentricity of the ellip-
soid provides information about the degree of
anisotropy. This way, an anisotropic diffusion in
any direction would be represented as a pole
and an isotropic diffusion as a sphere (see Fig. 29).
Besides those representations, it is common to
visualize FA and MD values in a gray scale or on
a direction-coded color map (Fig. 30). Their values
can be directly measured on these maps with
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of the DT may convey some information about the 
configuration, but it is difficult to separate the effects 
of the configuration of fibers from other effects, such as 
fiber size and density and contributions from other tis-
sue types. Moreover, the fanning and bending configu-
rations are indistinguishable given only the DT.
The last two rows in Figure 4.1 show crossing fiber 
configurations. The fourth row shows an oblique cross-
ing. Although p for the oblique crossing is different to 
the fanning and bending configurations and clearly 
has non-ellipsoidal shape, the best-fit DT is identical to 
the fanning and bending configurations. The principal 
direction is now actively misleading, as the mean fiber 
direction does not correspond to the direction of any 
fiber in the voxel. The orthogonal crossing produces 
p with cross-shaped contours that reflect the multiple 
fiber orientations. The DT cannot capture this contour 
shape and the closest Gaussian approximation to p is a 
perfectly oblate DT, which contains none of the useful 
directional information in the true p.
For comparison, the fifth column in Figure 4.1 shows 
the distribution of fiber orientations within each con-
figuration. This object will be important later in this 
chapter and we shall refer to it as the fiber orientation 
distribution function (fODF). The fODF quantifies the 
fraction of fiber portions (note that fibers may vary in 
orientation along their length) within a voxel with each 
orientation. Mathematically, the fODF is a probability 
distribution on the sphere, as each point on the sphere 
corresponds to a unique orientation. For example, the 
simplest configuration in Figure 4.1 is the straight par-
allel fibers in the first row. This configuration has only 
one fiber orientation, since the orientation of all the 
fibers is the same and does not vary along the fiber 
lengths. The fODF is therefore zero for any orientation 
other than vertically upwards and has a sharp spike in 
the upward direction. (The pictures in Figure 4.1 exag-
gerate the widths of the peak for visibility.) Other con-
figurations have less trivial fODFs. Figure 4.2 shows an 
illustration for the bending configuration in row 3 of 
Figure 4.1. Each fiber has a range of orientations from 
up and left at the bottom of the voxel, to vertically up at 
the center and up and right at the top. Each orientation 
contributes to the fODF so the fODF is non-zero for a 
range of orientations in the plane of the bending, but, 
for this idealized bending example, zero everywhere 
else. The fODF therefore has the shape of a shovel or 
paddle head. (Again, we exaggerate the width of the 
shovel for visualization.) Figure 4.2 uses two visual 
representations for functions on spheres to illustrate the 
fODF. The first (“stretched sphere”) stretches the radius 
of the sphere by the value of the function; the second 
(“color”) uses color to reflect the value of the function 
in each direction. In the stretched-sphere represen-
tation, peaks of the shape reflect the most common 
fiber directions. In the color representation, hot colors 
indicate high values and appear in the most common 
directions.







Fiber configuration p DT Principal direction fODF Signal (A)
?
FIGURE 4.1 Illustration of various simple configurations of axon fibers that arise frequently in brain-image voxels (first column). The sec-
ond column shows the kind of scatter pattern we expect from each of the fiber configurations in the first column. The third column shows the 
best-fit DT, the fourth shows the principal direction of the DT, and the fifth shows the fiber orientation distribution function (fODF) for each 
configuration. The sixth column shows the directional variation of the diffusion-weighted signal for fixed diffusion weighting. In the last row, 
the DT is perfectly oblate so the principal direction is undefined. Is practice, noise will cause the principal direction to have random orientation 
in the plane of the two crossing fibers.
!!
Figure 1.14 – Example  of fibre o i ntatio s that can occur in single voxels, and how th y are 
modelled by the diffusion tensor model (DT).  p = scatter pattern of molecules during diffusion time 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































to the brainstem, and posterior to the cerebral peduncles was
selected, such that the parahippocampal gyrus was defined at its
longest in the corresponding sagittal view (Fig. 1). The corre-
sponding coronal slice was then used to select two adjacent voxels
in a left-right direction, such that they both lay within the white
matter tract on axial and sagittal views. This process was repeated
in one anterior and one posterior coronal slice. This method was
chosen as the parahippocampal gyrus runs anterior to posterior,
inferior to superior and medial to lateral within the medial temporal
lobe. The principal eigenvector of each voxel, when viewed using
PICo and projected on the axial plane was orientated anterior-
posterior. A threshold of FA ≥ 0.1, and curvature threshold of 180۫
were set for tractography.
Neuropsychological tests
The list learning and design learning tests were used to assess
material specificmemory function (Coughlan andHollows, 1985). In
the verbal learning task the subject is read a list of 15 words five
times, and on each presentation attempts to recall as many of the
words as possible. The overall percentage of correct responses was
used as the measure of verbal memory efficiency. For non-verbal
memory we employed a design learning task; the subject is presented
with a visual design on five occasions with recall being tested after
each presentation. The percentage of correct responses over the five
trials was used as a secondmeasure of non-verbal memory efficiency.
These tests form part of our presurgical memory assessment in TLE
cases, and have proven least affected by performance anxiety, have a
good test-retest reliability and are sensitive indicators of medial
temporal lobe function (Baxendale et al., 1998). Neuropsychological
test results are listed in Table 2.
Data analysis
All data were analysed using SPSS (11.0.0). It was first verified
whether all parameters were normally distributed using the
Kolmogorov–Smirnov test for normal distribution. Group differ-
ences for age were determined by a one-way analysis of variance
(ANOVA), and gender distribution was assessed using the Pearson's
χ2 test. The age of onset of epilepsy, duration of epilepsy, and
frequency of complex partial (CPS) and secondarily generalized
Table 2
Neuropsychological test results of patients
Group Mean VIQ Mean PIQ Mean VL Mean DL
Left TLE 82 90 59 59
Right TLE 89 97 65 63
VIQ=verbal IQ, PIQ=performance IQ, VL=verbal learning, DL=design
learning.
Fig. 2. Group maps of the parahippocampal gyrus tracts comparing left TLE
patients against controls. Tracts are projected onto a 3d rendered brain
template. A voxel commonality value of 1.0 indicates that each individual
had a connection identified in this voxel while a value of 0.0 indicates that
none of them did. In controls, PHG connections were symmetric. There is
more marked asymmetry of connections in left TLE patients compared with
controls. There is a decrease in ipsilateral compared with contralateral
connections in left TLE, such that the body of the PHG appears smaller (red
arrow). In addition, fewer connections to the occipital lobe are present in left
TLE patients compared with controls (yellow arrow).
Fig. 3. Group maps of the parahippocampal gyrus tracts comparing right
TLE patients against controls. Tracts are projected onto a 3d rendered brain
template. A voxel commonality value of 1.0 indicates that each individual
had a connection identified in this voxel while a value of 0.0 indicates that
none of them did. In controls, PHG connections were symmetric. There is
more marked asymmetry of connections in left TLE patients compared with
controls and right TLE patients compared with Fig. 2.
Table 3
Asymmetry indices of FA and volume, and mean absolute values of FA and
volume in controls and patients
Controls Left TLE Right TLE
Left volume±SE (mm3) 7130±605 5756±810 7030±653
Right volume±SE (mm3) 6791±959 7424±1052 6411±1019
AI Volume±SE (%) −8.58±12.50 26.22±7.06⁎ −17.72±14.2
Left FA±SE 0.29±0.05 0.26±0.01⁎ 0.27±0.01
Right FA±SE 0.29±0.01 0.29±0.01 0.26±0.01
AI FA±SE (%) −0.99±3.26 11.80±4.67⁎ −5.26±3.70
AI=asymmetry index=[100× (right− left)] / [(right+ left)/2].
⁎=p≤0.05 compared with control subjects.
1758 M. Yogarajah et al. / NeuroImage 40 (2008) 1755–1764
!












Figure 3.2 - Group maps of the parahippocampal gyrus tracts comparing left TLE patients against 
controls. Tracts are projected onto a 3d rendered brain template. A voxel commonality value of 1.0 
indicates that each individual had a connection identified in this voxel while a value of 0.0 indicates 
that none of them did. In controls, PHG connections were symmetric. There is more marked 
asymmetry of connections in left TLE patients compared with controls. There is a decrease in 
ipsilateral compared with contralateral connections in left TLE, such that the body of the PHG 
appears smaller (red arrow). In addition, fewer connections to the occipital lobe are present in left 
TLE patients compared with controls (yellow arrow). 
! "#$!
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Figure 3.3 - Group maps of the parahippocampal gyrus tracts comparing right TLE patients 
against controls. Tracts are projected onto a 3d rendered brain template. A voxel commonality 
value of 1.0 indicates that each individual had a connection identified in this voxel while a value of 
0.0 indicates that none of them did. In controls, PHG connections were symmetric. There is more 





to the brainstem, and posterior to the cerebral peduncles was
selected, such that the parahippocampal gyrus was defined at its
longest in the corresponding sagittal view (Fig. 1). The corre-
sponding coronal slice was then used to select two adjacent voxels
in a left-right direction, such that they both lay within the white
matter tract on axial and sagittal views. This process was repeated
in one anterior and one posterior coronal slice. This method was
chosen as the parahippocampal gyrus runs anterior to posterior,
inferior to superior and medial to lateral within the medial temporal
lobe. The principal eigenvector of each voxel, when viewed using
PICo and projected on the axial plane was orientated anterior-
posterior. A threshold of FA ≥ 0.1, and curvature threshold of 180۫
were set for tractography.
Neuropsychological tests
The list learning and design learning tests were used to assess
material specificmemory function (Coughlan andHollows, 1985). In
the verbal learning task the subject is read a list of 15 words five
times, and on each presentation attempts to recall as many of the
words as possible. The overall percentage of correct responses was
used as the measure of verbal memory efficiency. For non-verbal
memory we employed a design learning task; the subject is presented
with a visual design on five occasions with recall being tested after
each presentation. The percentage of correct responses over the five
trials was used as a secondmeasure of non-verbal memory efficiency.
These tests form part of our presurgical memory assessment in TLE
cases, and have proven least affected by performance anxiety, have a
good test-retest reliability and are sensitive indicators of medial
temporal lobe function (Baxendale et al., 1998). Neuropsychological
test results are listed in Table 2.
Data analysis
All data were analysed using SPSS (11.0.0). It was first verified
whether all parameters were normally distributed using the
Kolmogorov–Smirnov test for normal distribution. Group differ-
ences for age were determined by a one-way analysis of variance
(ANOVA), and gender distribution was assessed using the Pearson's
χ2 test. The age of onset of epilepsy, duration of epilepsy, and
frequency of complex partial (CPS) and secondarily generalized
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VIQ=verbal IQ, PIQ=performance IQ, VL=verbal learning, DL=design
learning.
Fig. 2. Group maps of the parahippocampal gyrus tracts comparing left TLE
patients against controls. Tracts are projected onto a 3d rendered brain
template. A voxel commonality value of 1.0 indicates that each individual
had a connection identified in this voxel while a value of 0.0 indicates that
none of them did. In controls, PHG connections were symmetric. There is
more marked asymmetry of connections in left TLE patients compared with
controls. There is a decrease in ipsilateral compared with contralateral
connections in left TLE, such that the body of the PHG appears smaller (red
arrow). In addition, fewer connections to the occipital lobe are present in left
TLE patients compared with controls (yellow arrow).
Fig. 3. Group maps of the parahippocampal gyrus tracts comparing right
TLE patients against controls. Tracts are projected onto a 3d rendered brain
template. A voxel commonality value of 1.0 indicates that each individual
had a connection identified in this voxel while a value of 0.0 indicates that
none of them did. In controls, PHG connections were symmetric. There is
more marked asymmetry of connections in left TLE patients compared with
controls and right TLE patients compared with Fig. 2.
Table 3
Asymmetry indices of FA and volume, and mean absolute values of FA and
volume in controls and patients
Controls Left TLE Right TLE
Left volume±SE (mm3) 7130±605 5756±810 7030±653
Right volume±SE (mm3) 6791±959 7424±1052 6411±1019
AI Volume±SE (%) −8.58±12.50 26.22±7.06⁎ −17.72±14.2
Left FA±SE 0.29±0.05 0.26±0.01⁎ 0.27±0.01
Right FA±SE 0.29±0.01 0.29±0.01 0.26±0.01
AI FA±SE (%) −0.99±3.26 11.80±4.67⁎ −5.26±3.70
AI=asymmetry index=[100× (right− left)] / [(right+ left)/2].
⁎=p≤0.05 compared with control subjects.
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seizures (SGS) in right and left TLE patients were compared using
the Mann–Whitney U test.
Each subject's output tractography connection probability map
was spatially normalised by mapping into a standard space using the
MNI template provided by SPM2 (WellcomeDepartment of Imaging
Neuroscience, London; http://www.fil.ion.ucl.ac.uk/spm). Binary
masks at a threshold connection probability value of 0.05 were then
constructed. Our group has previously demonstrated in this same
group of patients and control subjects, that the threshold 0.05 strikes a
balance between losing non-specific low probability connections,
while retaining the main body of the pathways (Powell et al., 2006).
Binary masks at this threshold were therefore averaged across each
group, to produce variability (or commonality) maps indicating the
degree of spatial variability and overlap of the identified connections
(Parker et al., 2005). A voxel commonality value C of 1.0 indicates
that every individual had a connection identified in this voxel, while a
C value of 0 indicates that none of them did (Parker et al., 2005).
Tracts were then assessed visually in all three planes for visual
symmetry and size/extent using MRIcro.
Normalised tract volumes were calculated for the connecting
tracts from the left and right PHG of each control and patient at a
threshold of 0.05 (Toosy et al., 2004). An asymmetry index for
volume (AIvol) defined as AIvol= [100× (Right Volume−Left
Volume)] / [(Right Volume+Left Volume)/2] was calculated (Jutila
et al., 2001), and the mean values between groups compared using
a one way ANOVA analysis. Comparisons between the control AI
values, and left and right TLE AI values were carried out using
post-hoc Dunnett t-tests. Two way mixed ANOVA with one
Fig. 4. The correlation of material specific memory against left PHG FA in left TLE patients where VL=verbal learning (r=0.876, p≤0.05 ) and DL=design
learning (r=0.630, p≤0.05).
1759M. Yogarajah et al. / NeuroImage 40 (2008) 1755–1764
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Figure 3.4 - The correlation of material specific memory against left PHG FA in left TLE patients 




between subjects factor (group –— controls or TLE (both left and
right)) and one within subjects factor (hemisphere — left or right)
was used to test for the effect of interaction between group and
hemisphere on volume, and unpaired t-tests were used to compare
the patient and control group tract volumes.
The mean FA of the connected volume was calculated in native
space for the left and right tracts in controls and patients. This was
carried out by multiplying the native, thresholded, binarised images
with that subject's whole brain FA image, in order to calculate themean
intensity value of the voxels. An asymmetry index for FA (AIFA)
defined asAIFA=[100× (Right FA-Left FA)] / [(Right FA+Left FA)/2]
(Jutila et al., 2001) was calculated, and the mean values between
groups compared using one way ANOVA analysis. Comparisons
between the control AI values and left and right TLE AI values were
carried out using post-hoc Dunnett t-tests. Two way mixed ANOVA
with one between subjects factor (group— controls or TLE (both left
and right)) and one within subjects factor (hemisphere— left or right)
were used to test for the effect of an interaction between group and
hemisphere on FA, and unpaired t-tests were used to compare the
patient and control group tract FA values.
Pearson's correlation test was used to evaluate the evidence for
a correlation of hippocampal volume with tract volume and FA,
and tract volume with tract FA, ipsilateral and contralateral to the
seizure focus. Performance on material specific memory measures
was investigated for evidence of a correlation with tract volume
and FA in right and left TLE groups, omitting patient 14 because of
his atypical language dominance.
Results
Demographic analysis
There was no significant difference in the mean age or gender
distribution of participants in the three groups (controls, left TLE,
right TLE). There was no significant difference in the age of onset,
duration of epilepsy or frequency of CPS and SGS between left
and right TLE patients.
Qualitative tract analysis
In controls, PHG connections were visually symmetric. Con-
nections between the para-hippocampal gyrus and anterior temporal
lobe, orbitofrontal areas and posterior temporal and extrastriate
occipital areas were observed as documented previously (Powell
et al., 2004). There was a clear decrease in ipsilateral compared with
contralateral connections in left TLE (Fig. 2), though an ipsilateral
reduction was not evident in the commonality map of the right TLE
group (Fig. 3).
Quantitative tract analysis
There was a significant difference in AIvol between groups
[F(2,25)=3.31 p=0.05]. The AIvol was greater in left TLE patients
than in controls (p=0.05) with a mean 22% reduction in volume on
the left (Table 3). There was no significant difference between the
AIvol in right TLE patients and controls. There was no significant
interaction between group and hemisphere for tract volume, and no
significant differences between left and right volumes in left/right
TLE patients, and controls.
There was a significant difference in AIFA between groups
[F(2, 25)=4.92 p=0.02], attributable to reduced FA on the left in
left TLE ( p=0.02 against controls). There was no significant
difference between the AIFA in right TLE patients and controls.
There was a significant interaction between group and hemisphere
on tract FA [F(2, 25)=4.35 p=0.02], with FA being lower on the left
in left TLE patients, compared with controls (p=0.03). Although a
similar trend was present in right TLE patients, with FA being lower
on the right side compared with controls, this was not significant
(p=0.06).
Correlation of tract volume and FA with pre-surgical material
specific memory
All but one patient were left hemisphere dominant for language.
Patient 14 was left handed and right hemisphere dominant on both
Fig. 5. The correlation between FA and volume of the parahippocampal gyrus in TLE patients, ipsilateral to seizure focus (r=0.606, p≤0.05).
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Figure 3.5 - The correlation between FA and volume of the parahippocampal gyrus in TLE 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































superimposed on the unsmoothed FA template with MRIcro for
visualization.
Results
Clinical variables and quantitative scores
Therewas no significant age difference betweenLHSpatients, RHS
patients and controls. There also was no significant difference between
the LHS and the RHS group for intracranial volume (p=0.79), hippo-
campus volume ratio ( p=0.99), frequency of generalized seizures
( p=0.90) or duration of epilepsy (in years) ( p=0.70). A trend was
observed with slightly higher frequency of complex partial seizures in
the LHS group (p=0.075) and higher T2 relaxometry times of the
affected hippocampus ( p=0.027). As expected, the left-sided hip-
pocampus volumes were smaller for the LHS than the RHS group, and
the right-sided hippocampus volumes were smaller for the RHS group
(all pb0.001). For normal-distributed variables (intracranial volume,
Fig. 2. TBSS results. (A) Significant FA decrease and (B) MD increase of the LHS group compared with controls. (C) Significant FA decrease and (D) MD
increase of the RHS group compared with controls. Colors symbolize: Red=significant voxels at p=0.05 (corrected for multiple comparison at cluster level);
green=group skeleton.
Fig. 1. SPM results. (A) FA decrease and (B) MD increase of the LHS group compared with controls. (C) FA decrease and (D) MD increase of the RHS group
compared with controls. Colors symbolize T scores (see color bar). FWE correction with p=0.05. Left on image is patients right (radiological convention).
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Figure 4.1 - SPM results. (A) FA decrease and (B) MD increase of the left HS group compared with 
controls. (C) FA decrease and (D) MD increase of the right HS group compared with controls. 
Colours symbolize T scores (see colour bar). FWE correction with p = 0.05. Left on image is 
patients right (radiological convention). !
superimposed on the unsmoothed FA template with MRIcro for
visualization.
Results
Clinical variables and quantitative scores
Therewas no significant age difference betweenLHSpatients, RHS
patients and controls. There lso was no significant differenc between
the LHS and the RHS group for intracranial volume (p=0.79), hippo-
campus volum ratio ( p=0.99), frequency of g neralized seizures
( p=0.90) or duration of epilepsy (in y ars) ( p=0.70). A trend wa
observed with slightly higher freque c of complex partial seizures in
the LHS grou (p=0.075) and higher T2 relaxometry times of the
affected hippocampus ( p=0.027). As expected, the left-sided hip-
pocampus volumes were smaller for the LHS than the RHS group, and
the right-sided hippocampus volumes were smaller for the RHS group
(all pb0.001). For nor al-distributed variables (intracranial volume,
Fig. 2. TBSS results. (A) Significant FA decrease and (B) MD increase of the LHS group compared with controls. (C) Significant FA decrease and (D) MD
increase of the RHS group compared with controls. Colors symbolize: Red=significant voxels at p=0.05 (corrected for multiple comparison at cluster level);
green=group skeleton.
Fig. 1. SPM results. (A) FA decrease and (B) MD increase of the LHS group compared with controls. (C) FA decrease and (D) MD increase of the RHS group
compared with controls. Colors symbolize T scores (see color bar). FWE correction with p=0.05. Left on image is patients right (radiological convention).
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Figure 4.2 - TBSS results. (A) Significant FA decrease and (B) MD increase of the left HS group 
compared with controls. (C) Significant FA decrease and (D) MD increase of the right HS group 
compared with controls. Colours symbolize: Red=significant voxels at p=0.05 (corrected for 
multiple comparison at cluster level); green=group skeleton.
! "#$!
Table 2






Mesial temporal pole (T=6.68, 74 Vx, −26 8 −42) Mesial temporal pole ( p=0.002)
Central white matter extending into the superior
temporal gyrus (T=8.31, 175 Vx, −42 −6 −18)
Central white matter reaching into the inferior, middle and
superior temporal gyrus ( p=0.0002)
Parahippocampal gyrus ( p=0.0026)
Extratemporal
limbic system
LNR anterior mesial thalamus
(crossing midline ; T=6.77, 205 Vx, −2 −4 6)
L+R anterior mesial thalamus ( p=0.0036+p=0.036)
L body and crus of fornix ( p=0.0036)
LNR cingulum (multiple cluster ; largest T=6.14, 115 Vx, −8 20 22) L+R cingulum ( p=0.0004+p=0.0084)
Other regions L posterior inferior frontal gyrus (T=6.32, 39 Vx, −44 −14 24) L+R inferior frontal gyrus ( p=0.0048+p=0.0174)
LNR anterior corpus callosum ( p=0.0004)
L inferior frontal gyrus cortical
(T=6.25, 68 Vx, −48 14 −6 and T=6.01, 25 Vx −56 10 16)
L+R post-central gyrus ( p=0.0212+p=0.01)
L supramarginal gyrus ( p=0.0076)
L+R post-central gyrus (12 Vx+11 Vx) L superior occipital gyrus ( p=0.03)
L occipito-temporal white matter (9 Vx) R superior frontal gyrus ( p=0.0294)
L+R superior occipital gyrus (10 Vx+6 Vx) R posterior central temporal white matter ( p=0.001)
L inferior anterior cerebellum (46 Vx) R external capsule ( p=0.0482)
L+R middle lateral cerebellum ( p=0.0048+p=0.0028)




Coalescing cluster including hippocampus and central temporal white
matter (T=11.3, 2298 Vx, −26 −16 −24; subclusters −38 2 −32 and
−40 −42 −22)
Coalescing cluster including parahippocampal gyrus, central
white matter and all temporal gyri ( p=0.0002)
Extratemporal
limbic system
L cingulum (T=6.63, −6 4 28) L anterior mesial thalamus ( p=0.0398)
L+R cingulum ( p=0.0008+p=0.004)
Other regions L+R frontal lobe (multiple clusters, 2–32 Vx) R central temporal white matter ( p=0.0094)
LNR parietal lobe (multiple clusters, 5–90 Vx) L+R anterior body of corpus callosum and
pericallosal white matter (widespread)
L+R external capsule ( p=0.0006+p=0.0064)
L+R post-central gyrus ( p=0.0014+p=0.02)
L occipito-parietal white matter ( p=0.0164)





Central white matter extending into the superior and middle
temporal gyrus (T=8.66, 235 Vx, 46 −14 −22)
Central white matter reaching into the inferior, middle, root
of the superior temporal and fusiforme gyrus ( p=0.0002)
Parahippocampal gyrus (T=5.6, 1 Vx, 24 −18 −26) Parahippocampal gyrus ( p=0.005)
Extratemporal
limbic system
– L+R crus of fornix ( p=0.0002)
R crus/body of fornix ( p=0.0002)
R cingulum ( p=0.0296)
Other regions L superior temporal gyrus (T=5.75, 9 Vx, −42 −6 –14) L superior temporal gyrus ( p=0.035)
R postero-lateral thalamus (T=6.05, 13 Vx, 20 −24 12) L inferior and middle temporal gyrus ( p=0.0066)
R pericallosal white matter (T=5.76, 7 Vx, 14 −42 20) L posterior inferior frontal gyrus ( p=0.0044)
R occipito-temporal white matter ( p=0.0256)
R posterior pericallosal white matter ( p=0.0096)
L+R middle body of corpus callosum ( p=0.014)




Coalescing cluster including hippocampus and central temporal
white matter (T=9.48, 1933 Vx, 36 −2 −36;
subclusters 26 4 −36, 26 −18 −24 and 32 4 −14)
Coalescing cluster including parahippocampal gyrus, central




Other regions – R frontal lobe white matter including the anterior pericallosal
area and external capsule (widespread, p=0.0002)
L+R superior parietal lobe white matter including posterior
pericallosal area (widespread, p=0.0008+0.0012)
Suprathreshold FA decrease and MD increase clusters as detected by the two methods in the patient groups. T=SPM T score; Vx=Voxel; coordinates for SPM
results are MNI-derived but since a custom FA template was used should be considered with caution. For TBSS, p values after correction for multiple
comparisons at the cluster level are shown.
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Figure 4.5 - Fibre tracking results.  Probalistic tractography seeded from an area of FA decrease 
(A) in the left root of the post-central gyrus leading towards the inferior frontal gyrus in the left HS 
group as detected by SPM. (B1+B2) Group map of the 37 control subjects displayed from posterior 
to anterior showing the arcuate fasciculus and projection fibres leading towards the inferior 

































































































































































































































































































































The clinical characteristics of the subjects studied are listed in
Table 1. There were no significant differences in the age or dur-
ation of epilepsy of the left TLE and right TLE patients at the time
of surgery, and no significant difference in the number of pre- or
postoperative medications between left TLE and right TLE patients.
The mean left anterior temporal lobe resection volume was
18% smaller than the mean right-sided resection [t=!2.04 (44),
P=0.047]. There were no significant differences in pre- and post-
operative numbers of medications in either left TLE or right TLE
patients. There was no significant difference in the age of onset,
duration of epilepsy or interval from surgery to postoperative scan
between left TLE and right TLE groups. There were no significant
differences in either the gender distribution or number of patients
seizure free at the time of postoperative scan.
Whole-brain analysis—left TLE patients
Following left anterior temporal lobe resection, there were signifi-
cant decreases in FA in the main fibre tracts ipsilateral to the side
of surgery, and also to a lesser extent in the contralateral hemi-
sphere (Fig. 1). The areas of decreased FA corresponded to one
contiguous, large cluster of 15 240 voxels (P50.001). The local
maxima of this cluster were determined in order to investigate the
anatomy of this cluster further (Table 2). The most significant
decreases in FA were on the left side in the geniculo-calcarine
tract and its projection to the lingual/occipital fusiform gyri, and
intracalcarine cortex, part of the inferior longitudinal fasciculus,
parahippocampal gyrus, crura of the fornix, anterior commissure
and the anterior temporal portions of the superior longitudinal
fasciculus. There were also significant decreases of FA in the tem-
poral portion of the left uncinate fasciculus that connects to the
temporal pole and the anterior floor of the external capsule. The
latter structure contains fibres of the uncinate and inferior
Figure 1 Threshold-free cluster-enhanced corrected (P50.05) results of the whole-brain tract-based spatial statistics analysis of fractional
anisotropy after left anterior temporal lobe resection. The left side of the brain is on the right side of the image. R = right. Significant
clusters representing increases (red to yellow) and decreases (blue to light blue) in fractional anisotropy after surgery are projected onto the
mean fractional anisotropy template derived from all pre- and postoperative left temporal lobe epilepsy patients. For clarity, the group
fractional anisotropy skeleton is not shown. The area of resection is visible inferiorly in the left temporal lobe where the white matter
bundles are absent. Fractional anisotropy reduction after left anterior temporal lobe resection is apparent in the left temporal and occipital
lobes, fornix, splenium and anterior commissure. There are also decreases in fractional anisotropy to a lesser extent in the contralateral
hemisphere. Fractional anisotropy increases are present in the external capsule, posterior limb of the internal capsule and corona radiata.
See Table 2 for more details regarding the anatomical location of local maxima.
2352 | Brain 2010: 133; 2348–2364 M. Yogarajah et al.
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Figure 5.1 - Threshold free cluster enhanced corrected (p<0.05) results of the whole brain tract 
based spatial statistics analysis of FA after left anterior temporal lo e resection.  The left side of the 
brain is on the right side of the image.  R = right.  Significant clusters representing increases (red to 
yellow) and decrea es (blue to light blue) in FA after surgery are projected onto the mean FA 
template derived from all pre- and postoperative left temporal lobe epilepsy patients.  For clarity, 
the group FA skeleton is not shown.  The area of resection is visible inferiorly in the left temporal 
lobe where the white matter bundles are absent.  FA reduction after left anterior temporal lobe 
resection is apparent in the left temporal and occipital lobes, fornix, splenium and anterior 
commissure.  There are also decreases in fractional anisotropy to a lesser extent in the contralateral 
hemisphere.  FA increases are present in the external capsule, posterior limb of the internal capsule 




Figure 5.2 - Threshold free cluster enhanced corrected (p<0.05) results of the whole brain TBSS 
analysis of MD after left anterior temporal lobe resection.  The left side of the brain is on the right 
side of the image.  R = right.  Significant clusters representing increases (red to yellow) in MD after 
surgery are projected onto the mean FA template derived from all pre- and postoperative left 
temporal lobe epilepsy patients.  For clarity, the group FA skeleton is not shown.  The area of 
resection is visible inferiorly in the left temporal lobe where the white matter bundles are absent.  
MD increases are predominantly located in the vicinity of the area of surgical resection, including 





























































































































































































































































































































































































































































white matter. We refuted this hypothesis as there was no signifi-
cant correlation between the surgical resection volume and the
percentage change in FA, ! k or !T after surgery. Further, the
mean right anterior temporal lobe resection volume was greater
than the equivalent resection on the left and the increases in FA
were seen only after left-sided resections.
In order to assess the relationship of the increase in FA to
seizure freedom and language, we stratified all patients undergo-
ing a left anterior temporal lobectomy into several subgroups.
These included seizure-free (ILAE Class I—21 patients) and non-
seizure-free (ILAE Class II to IV—5 patients) groups at the time
of their postoperative scan, and left (19 patients), bilateral
(4 patients) and right (1 patients) hemisphere language dominant
patients at the time of their surgery. A formal statistical compari-
son between the two groups is limited by the small numbers
of patients in the non-seizure-free and right hemisphere
dominant groups. However, both non-seizure-free and left
hemisphere/bilaterally dominant patients had greater increases in
FA compared with seizure-free (9.0% versus 7.4%) and right
hemisphere dominant (7.6%/7.4% versus 3.9%) patients,
respectively.
Verbal fluency and naming after left
anterior temporal lobe resection and
relationship to cluster of increased FA
As expected, there were significant correlations between the
category and letter fluency scores preoperatively (r=0.689,
P50.001) and postoperatively (r=0.686, P50.001), and between
the percentage change in category and letter fluency after surgery
(r=0.421, P=0.020). Three principal components were therefore
extracted and used to represent pre- and postoperative verbal
fluency and the percentage change in verbal fluency. There was
no significant correlation between pre- or postoperative mean FA
in this cluster and preoperative verbal fluency (Fig. 3A and B).
However, there was a significant correlation between the
pre- and postoperative mean FA in this cluster, and postoperative
verbal fluency (r=0.482, P=0.009 and r=0.469, P=0.010, re-
spectively) (Fig. 3C and D). These correlations remained significant
after correction for IQ and language lateralization (r=0.443,
P=0.020 and r=0.435, P=0.022).
This association was primarily underpinned by ! k, and there
was a correlation between percentage change in both verbal
Figure 2 Threshold-free cluster-enhanced corrected (P50.05) results of the whole-brain tract-based spatial statistics analysis of fractional
anisotropy after right anterior temporal lobe resection. The left side of the brain is on the right side of the image. R= right. Significant
clusters representing increases (red to yellow) and decreases (blue to light blue) in fractional anisotropy are projected onto the mean
fractional anisotropy template derived from all pre- and postoperative right temporal lobe epilepsy patients. For clarity, the group frac-
tional anisotropy skeleton is not shown. The area of resection is visible inferiorly in the right temporal lobe where the white matter bundles
are absent. Fractional anisotropy reduction after right anterior temporal lobe resection is apparent in the right temporal lobe, occipital lobe,
fornix, splenium, anterior commissure and both cerebral peduncles. There are also decreases in fractional anisotropy to a lesser extent in
the contralateral hemisphere. In comparison to patients undergoing a left anterior temporal lobe resection, there is only a very small area
of increased fractional anisotropy in the anterior corona radiata.
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Figu  5.3 - Th eshold free cluster enhanced corrected (p<0.05) results f the whole brain tract 
based s atial statistics analysis of FA after right anterior temporal lobe resection.  Significant 
clusters representing increases (red to yellow) and decreases (blue to light blue) in FA are projected 
onto the mean FA template derived from all pre- and postoperative right temporal lobe epilepsy 
patients.  For clarity, the group FA skeleton is not shown.  The area of resection is visible inferiorly 
in the right temporal lobe where the white matter bundles are absent.  The left side of the brain is 
on the right ide of the image.  R = right.  FA reduction after right anterior temporal lobe resection 
is apparent in th  right temporal lobe, occipital lobe, fornix, splenium, anterior commissure and 
both c ebral eduncles.  There ar  l o decreases in FA to a lesser extent in the contralateral 
hemisphere.  In comparison to patients undergoing a left terior temporal lobe resection, there is 
only a very small area of increased FA in the anterior corona diata. !
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Figure 5.4 - Threshold free cluster enhanced corrected (p<0.05) results of the whole brain TBSS 
analysis of MD after right anterior temporal lobe resection.  Significant clusters representing 
increases (red to yellow) in MD after surgery are projected onto the mean FA template derived 
from all pre- and postoperative right temporal lobe epilepsy patients.  For clarity, the group FA 
skeleton is not shown.  The area of resection is visible inferiorly in the right temporal lobe where 
the white matter bundles are absent.  The left side of the brain is on the right side of the image.  R = 
right.  The location of the increase in MD is similar, though more extensive, to that seen after left 
anterior temporal lobe resection.  MD increases are predominantly located within the surgical 




















































































































































































































































































































































































































































































































































































































































































































































































































Figure 5.5 - An example of the method used to draw manual regions of interest (ROI) around the 
internal and external capsule.  The first axial slice where the internal and external capsule were 
clearly differentiated was identified (ii) and ROIs were then drawn around the internal and 
external capsules over three consecutive slices (ii to iv).  The anterior and posterior extents of the 












Figure 5.6 a and b – Scatterplots of pre- and post-operative verbal fluency scores against pre- and 
post-operative mean fractional anisotropy in left posterior limb internal capsule, external capsule 





Figure 5.7 - Scatterplot and regression line of percentage change in !" in the cluster showing an 
increase in fractional anisotropy after left anterior temporal lobe resection against interval between 
surgery and imaging.  The circled point is an outlier, and when removed from the analysis, the 






Figure 5.8 - Group variability map (thresholded at 0.2) of tractography results after seeding from 
the local maxima of the cluster identified as showing an increase in fractional anisotropy after left 
anterior temporal lobe resection.  Tracts are superimposed upon the MNI152_T1_1mm_brain 
image supplied with FSL.  The group variability map (yellow-red, with yellow representing voxels 
identified by the tractography in all subjects) visualises connections from the precentral gyrus via 
the internal capsule, and connections from the premotor and prefrontal areas, the superior and 
inferior frontal gyrus (including the deep frontal operculum), which pass via the external capsule to 
the posterior, superior temporal gyrus and angular gyrus.  This network of connections is medial to 
the traditional dorso-lateral language pathway composed of the arcuate fasciculus and inferior 
longitudinal fasciculus.  The latter pathway is shown for reference in blue, and is derived from the 
JHU white matter tractography atlas supplied with FSL.  Also shown is the group variability map 
for the surgical resection area (dark pink to light pink) created from the postoperative b=0 images 
(thresholded at 0.3).  It is evident that after an anterior temporal lobe resection the dorso-lateral 
language connections may be more susceptible to resection and damage than the ventro-medial 
connections.  MNI coordinates are shown on each slice. (DPA=dorsal premotor area, 
PCG=precentral gyrus, SFG=superior frontal gyrus, EC=external capsule, AG=angular gyrus, 



























































































Figure 6.1 a (top) and b (bottom) - TFCE corrected (p<0.05) results of the whole brain TBSS 
analysis of changes in FA at two time points after left anterior temporal lobe resection (pr = pre-
operative, po1 = 1st post-operative time point, po2 = 2nd post-operative time point).  The left side of 
the brain is on the right side of the image.  R = right.  Significant clusters representing increases 
! "##!
(blue to light blue) and decreases (red to yellow) in fractional anisotropy after surgery are 
projected onto the mean fractional anisotropy template derived from all pre- and postoperative left 
temporal lobe epilepsy patients.  For clarity, the group fractional anisotropy skeleton is not shown.  
The area of resection is visible inferiorly in the left temporal lobe where the white matter bundles 
are absent.  Figure ‘a’ shows the changes in FA at the first time point after surgery, and figure ‘b’ 
shows the changes in FA at the second time point after surgery.  Fractional anisotropy reduction 
after left anterior temporal lobe resection is apparent in the left temporal and occipital lobes, and 
anterior commissure.  Areas of reduced FA present in the ipsilateral geniculo-calcarine tract at the 
first post-surgical scan in figure ‘a’ are not present at the time of the second post-surgical scan in 
figure ‘b’ (magenta circle).  FA increases are present in the external capsule, posterior limb of the 
internal capsule and corona radiate (figure ‘a’ and ‘b’).  Areas of increased FA are more extensive 
at the time of the second post-operative scan in figure ‘b’ compared to the first post-operative time 









Figure 6.2 a to c - TFCE corrected (p<0.05) results of the whole brain TBSS analysis of FA at two 
time points (pr = pre-operative, po1 = 1st post-operative time point, po2 = 2nd post-operative time 
point) after right anterior temporal lobe resection.  The left side of the brain is on the right side of 
the image.  R = right.  Significant clusters representing increases (blue to light blue) and decreases 
(red to yellow) in fractional anisotropy after surgery are projected onto the mean fractional 
anisotropy template derived from all pre- and postoperative left temporal lobe epilepsy patients.  
For clarity, the group fractional anisotropy skeleton is not shown.  The area of resection is visible 
inferiorly in the left temporal lobe where the white matter bundles are absent.  Figure ‘a’ shows the 
changes in FA at the first time point after surgery, figure ‘b’ shows the changes in FA between the 
first and second time points after surgery, and figure ‘c’ shows the changes in FA at the second 
time point after surgery.  While there is a widespread reduction in FA seen in RTLE patients 
immediately after surgery (6.2a), this appears to be reversible (6.2b), and is not present by 12 
months after surgery (6.2c).  Though no increase in FA is apparent at the first time point after 
surgery, an increase in an identical, ipsilateral distribution to that seen in left TLE patients is seen 






































































































































































































































































































































































































Figure 6.3 – Graphs illustrating the change in mean (+/- se) diffusion parameters within the back-
normalised cluster of increased FA identified from the whole brain analysis (contrast 3) at the 
second time point after surgery in left and right TLE patients.  Time points 1, 2 and 3 refer to the 
pre-operative, 1st post-operative and 2nd post-operative scans.  The graphs show changes in FA, ! !, 
! " and MD respectively.   The whole brain analysis revealed a significant increase in FA in left 
TLE patients at both post-operative time points.  This increase was only apparent at the 2nd post-
operative scan in right TLE patients.  This is due to the greater initial reduction in ! ! in left TLE 
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Table 6.3 – Composite table of neuropsychology scores in left and right TLE patients at each time 
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Table 6.4 – Results of linear regression where B = unstandardized coefficient, SE = standard error, 









Figure 6.4 c 
Figure 6.4 – Partial residual plots demonstrating the variance attributable to the model in pre-
operative GNT score, language lateralisation to the side of surgery, and preoperative FA in the 
significant white matter network identified in contrast. a) The lower the pre-operative FA in the 
white matter network, the greater the decline in GNT at the second time point after surgery (r2 = 
0.201). b) The more lateralised language function is pre-operatively to the side of surgery, the 
greater the decline in GNT at the second time point after surgery (r2 = 0.435). c) The higher the pre-
! "##!
operative GNT score, the greater the decline in GNT at the second time point after surgery (r2 = 
0.485)  
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In this study we have demonstrated that white matter changes in FA after anterior temporal lobe resection 
are part of a dynamic process in both left and right TLE patients.  We have extended our findings in the 
previous chapter, by demonstrating that similar, ipsilateral, white matter increases in FA are apparent in 
both left and right TLE patients at approximately 12 months after surgery, but take longer to develop in 








In this study we have replicated, using smaller subgroups of patients, the findings from the previous 
chapter.  We have demonstrated a significant increase in FA in an extensive region of white matter in left, 
but not right, TLE patients approximately 4 months after surgery.  However, we have also shown that by 
approximately 12 months after surgery, right TLE patients have also developed a region of increased FA 
relative to the preoperative data, that is ipsilateral to the side of resection and almost identical in 
anatomical location to that seen in left TLE patients at 12 months.  As explained in the previous chapter, 
we hypothesize that the increase in FA in this region in right TLE patients also partly represents structural 
plasticity underlying language, or possible other cognitive functions, but that it takes longer to develop in 
the non-dominant hemisphere.  Assessment of the native cluster shows that the difference in the speed of 
increase in FA in left and right TLE patients is predominantly driven by a more rapid, initial decline in <,M!+*!/(&'!2,-.%)(8!',!)+:6'!<NO!.%'+(*'13  It is perhaps not surprising that changes take longer to appear 
in the non-dominant hemisphere.  Recent clinical, and imaging research demonstrates that language 
function cannot be simply dichotomized to the left hemisphere.  Although the left hemisphere is the 
superior language processor, it is now clear that the right hemisphere is also important for language 
! "#$!
processing including elements such as prosody, paralinguistic aspects of speech production, reception, 
and interpretation, and prelexical, lexical and postlexical components of visual word recognition (573).  
Impairment of these aspects of language function may be subtler clinically, and are not assessed with 
current neuropsychology tests.  In addition, recent fMRI studies of patients after anterior temporal lobe 
resection highlight that it is ipsilateral temporal and frontal lobes, rather than the contralateral 
hemispheres, that are critical for post-operative material specific memory and language function 
respectively (261,270).  For this reason, it is perhaps not surprising that structural changes and FA 
increases appear to predominate in the hemispheres ipsilateral to surgery.  fMRI studies of other disorders 
such as middle cerebral artery stroke also demonstrate that reorganization of language function to the 
contralateral hemisphere after stroke is associated with poor language performance, and that it is 
ipsilateral reorganization that is critical (574). 
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A number of studies have attempted to identify factors that might be used to predict language and naming 
decline after anterior temporal lobe resection (260,261).  These studies have highlighted that pre-
operative language fMRI lateralization to the opposite hemisphere to surgery, and a lower pre-operative 
GNT score are predictive of a smaller naming decline after surgery.  We have demonstrated that the 
higher the pre-operative FA in the ipsilateral white matter network encompassing the
!"#"9 :,6,.4.,/02(
The limitations of this study are similar to those highlighted in the previous chapter.  In addition, we 
combined both groups for the regression analysis for several reasons; the small numbers of patients in 
! "#$!
both left and right TLE groups, the presence of patients with atypical language dominance in both groups, 
and the fact that by 12 months the cluster of increased FA was present in an almost identical locations in 
both groups.  Furthermore, the linear regression model highlights the significant contribution of 
preoperative FA to the predictive model, independent of pre-operative naming ability and language 
lateralization.  In this regard, such a model may be clinically more useful, by being applicable to all 
patients undergoing anterior temporal lobe resection.  In the future, larger independent pre-operative data 
sets are needed to assess the ability of this model to predict language deficits after surgery, and such 
studies are ongoing. 
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We have extended the findings of the previous chapter, and demonstrated that clusters of increased FA 
are present after surgery, ipsilaterally in right TLE patients, in a similar location to left TLE patients.  
However, these changes take longer to appear in right TLE patients.  Pre-operative mean FA in these 
regions provides additional, independent information to the prediction of post-operative language deficits.  
These findings have important implications for how pre-operative diffusion MRI may be used to 
minimize post-operative language deficits.  The pre-operative white matter network identified in this 
study can be used to together with pre-operative fMRI and neuro-psychology to predict those patients at 




















































































































































































































































































































































































Figure 7.1 - Seed region selection using fractional anisotropy images (seed voxels are shown in red). 
(A) Axial slice where transition from the external limb of the internal capsule to cerebral peduncle 
is visible. (B) Magnified area of axial slice with principle diffusion direction map overlaid on each 
voxel (red lines). Part of Meyer’s loop can be seen clearly (see arrow). (C) Seed voxels with 
principal diffusion direction in anterior-medial to posterior-lateral direction are selected in the 






















































































































































Figure 7.3 - (A) Resulting tract without use of fronto-temporal exclusion mask—the red arrow 
indicates some of the artefactual connections that can arise in areas including the uncinate 
fasciculus and fronto-occipital fasciculus, making it difficult to estimate the tip of Meyer’s loop. (B) 
Iterative tracking using fronto-temporal exclusion mask.  All images contain tracts thresholded at 
the same value and overlaid on distortion matched high-resolution EPI images. The graph is of 
tract volume against position of exclusion mask (‘+’ = anterior; ‘-’ = posterior) relative to the tip of 
the temporal horn (TH).  The graph and associated images demonstrate the thinning that occurs in 
the bulk of the optic radiation once the coronal exclusion mask reaches a coronal position 1 slice 
anterior to the temporal horn.   At this position Ӌ10% of the tract volume is lost, and this is chosen 





































































































































































































































































































































































































































































Figure 7.4 - Representative VFDs in one isopter only (I4e). Each colour represents a single patient. 
The range of magnitude of VFDs averaged across all three isopters was 22–87% of the superior 




Figure 7.5 - Representative tract of the optic radiation of a single patient overlaid on a distortion 
matched HR-EPI image. (A) Anterior portion of Meyer’s loop passing over the roof of the temporal 
horn. (B) Along the lateral inferior aspect of the temporal horn.  (C) Along the lateral aspect of the 





Figure 7.6 - Partial residual plots demonstrating the variance in ML–TP and resection size 
attributable to the model. (A) Extent of VFD against corrected anterior–posterior extent of 
temporal lobe resection (resection size), showing positive correlation r2 = 0.63. (B) Extent of VFD 







































































































































































































































































































































































































































































































































• Ipsilateral, white matter increases in FA were also apparent in right TLE patients in a similar 
distribution to that seen in left TLE patients, but took longer to develop after surgery, and appeared only 
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